The sea-state bias in Geosat altimeter range measurements expressed as a percentage of significant wave height (SWH) is examined as a Function of SWH. The bias is shownto be approximately a fixed -3.5% of SWH for SWH smaller than about 4 m. For larger SWH, the bias decreases in magnitude approximately linearly to a value of about -13% of SWH for 6 m SWH. Because of this "saturation effect" associated with large SWH, estimates of the Geosat sea-state bias which have been based on the assumption of a fixed percentage of SWH are too small by up to 1.5% of SWH. The saturation effect is so large at high latitudes in the southern hemisphere (where about 1/4 of the SWH values exceed 4 m) that it apparently overwhelms any wind speed dependence in the sea-state bias suggested by several recent studies. The apparent SWH dependence found in this study appears to be the result of attitude and sea-state errors in the Geosat altimeter on-board tracking algorithm.
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INTRODUCTION
To resolve sea surface height variability associated with geostrophic ocean currents, each component of error in altimeter range measurements must be corrected to within an accuracy of 2-a cm. A large source of error in the range measurement is the sea-state bias, which consists of two parts, the electromagnetic (EM) bias and the skewness bias. Both components combine to drive altimeter estimates of mean sea surface height below true mean sea level. The altimeter range measurements must also be corrected for antenna mispointing effects that have been found to be approximately quadratically related to satellite attitude angle and SWH [Hayme and Hancock, 1990] . Although all of these biases are known to arise because of the presence of waves on the sea surface, the exact nature of these errors in the range measurement is not completely understood. Theoretical models often express the total sea-state bias in terms of quantities which are not recoverable from altimeter measurements [see Jackson, 1979; Barrick and Lipa, 1985; Srokosz, 1986] , and hence these models cannot be used to correct the bias from altimeter data alone. Models derived empirically from altimeter measurements presently offer the best hope for obtaining an accurate correction.
Largely as a matter of convenience, the sea-state bias has generally been expressed as a fixed percentage of significant wave height [Born et aL 1982; Douglas and Agreen, 1983; Cheney et at., 1989; Zlotriicki et at, 1989; Nerern et at., 1990] . Uncertainty in the bias coefficient, a multiplicative factor of significant wave height (SWH), is the primary source of error in these estimates of the correction. For most. applications, this coefficient is computed based on statistical fits to observations comprising a wide range of sea-state conditions -a method which does not differentiate between seas with the same SWH but with different physical characteristics (e.g., wind waves versus swell). In an attempt to improve on this representation of the bias correction, two models which parameterize the bias as a Copyright 1991 by the American Geophysical Union.
Paper number 91JC00415. 0148-0227/91/91JC-00415$O5.00 8861 function of both significant wave height and wind speed have recently been developed. Ray and Kobhnsky [1991] have derived an empirical model which represents the bias correction as a linear combination of SWH and the product of SWH and wind speed, and a physically based model which expresses the bias correction in terms of SWH and pseudo wave age (a measure of wave development) has been proposed [see Flt and Glazman, 1991] . Empirical coefficients for the wave age model were computed by Mi and Qlazynan [1991] based on a subset of the Geosat observations.
In this paper, we analyze 25 months of southern hemisphere Geosat altimeter data to investigate the validity of an assumed constant sea-state bias coefficient over the full range of SWH. The details of this data set are summarized briefly in section 2. The nature of the sea-state bias is investigated separately for middle and high southern latitudes and the sea-state bias coefficient is examined as a function of SWH in section 3. Alternative possible explanations are considered in section 4 for an apparent SWH dependence in the bias found in section 3.
GEOSAT DATA SET
Geosat data from 46 cycles of the Exact Repeat Mission (November 8, 1986 to December 31, 1988 were obtained from the NASA Ocean Data System (NODS) at the Jet Propulsion Laboratory. The altimeter-measured heights had been preprocessed by NODS to correct for wet and dry tropospheric range delays, ionospheric range delays, the inverse barometer effect, and solid earth and ocean tides [see Ziotnicki at, 19901. The data were screened to eliminate observations with off-nadir pointing angles greater than 1° and to eliminate observations contaminated by sea ice. The contribution to the height measurement due to the marine geoid and a sinusoidal orbit error estimate were then removed as described by Chetton et at. [1990] . Only observations between 10°S and 65°S are analyzed in this study. This data set is well-suited for an investigation of the sea-state bias, since it includes the full range of wave heights and wind speeds found globally. Large wave heights and high wind speeds are particularly well represented since this region includes the Southern Ocean.
WAVE HEICHT DEPENDENCE
In the most commonly applied sea-state bias model, the bias is expressed as h33b=a.SWH, (1) where h55b is the contribution to the height measurement due to the sea-state bias, and a is the bias coefficient. As noted in section 2, heights are expressed as deviations from the time-mean at each location and a one cycle per orbit sinusoidal fit to each ground track. These are referred to here as "relative" heights to distinguish them from raw heights inferred from altimeter range measurements. Empirical estimates of the sea-state bias must be derived based on these relative height data (see discussion in Zlothicki et al. [1989) ).
Th maintain consistency with this treatment of the height data, the SWH data must be processed similarly. Accordingly, the time-mean at each location and a least squares sinusoidal fit (with a wavelength of one cycle per orbit) were subtracted from the SWH data along each ground track. The resulting data are referred to here as "relative" SWH.
Previous studies of the sea-state bias in Geosat measurements have focused on obtaining a single sea-state bias coefficient assumed to be constant over the full range of SWH [Cheney et aL, 1989; Ziotnicki et al., 1989; Nerem et al., 1990] . In this section we examine the relationship between altimeter height and SWH measurements in more detail to evaluate the validity of the assumed linear relationship for all SWH. To investigate the stability of the results, the data are separated into northern (1O°S-40°S) and southern (40°S-65°S) latitudinal bands and analyses are performed separately for each band. The 40°S dividing latitude was chosen to distribute the observations approximately evenly between the tropical-subtropical northern band (where wave heights and wind speeds are generally small) and the polar-subpolar southern band (where wave heights and wind speeds are generally larger).
Representative relative height and relative SWH data from the southern band are shown in Figure 1 for cycle 7 of the Geosat ERM (February 18 to March 7, 1987) .
Relative Wave Height (m) Each point on the plot represents an average over a group of 10 consecutive measurements (70 km in the along-track direction); negative values appear on both axes since relative values are, by definition, deviations from the long-term mean and a sinusoidal fit at each location. The scatter shown in Figure 1 results from a combination of variability due to (1) true dynamic sea level changes, (2) residual height errors, including those associated with the sea-state bias, as well as errors in other components of the altimeter height measurement, and (3) errors in the altimeter estimate of SWH. It is immediately apparent from scatter plots such as Figure 1 that any systematic, SWU-dependent component of the height estimate is small compared with variability due to other sources. This is fortunate, as a close relationship between relative height and relative SWH in Figure 1 would imply an overwhelming sea-state bias, which would make it difficult to detect sea level variability associated with ocean circulation using Profiles such as that shown in Figure 1 were generated separately for the northern and southern bands for each of the 46 cycles of the ERM analyzed here. For each band, the average of the 46 individual profiles are plotted in Figure   2a for all relative SWU bins containing more than 40 observations. Note that much of the sampling variability at the extreme values of relative SWH is eliminated in these overall average profiles. The one-parameter expression For this range of relative SWJA, the relationship between relative height and relative SWH is very nearly linear and the bias coefficient (given by the slope of the profile) is similar in the northern and southern bands. For relative SWB greater than 0.5 in, both profiles flatten out (particularly for the southern band). This flattening is a robust feature of profiles from both latitude bands (see, for example, Figure 1 ) and is therefore not an artifact of sampling variability in bins with high relative SWE values.
The sensitivity of the sea-state bias to SW}I is evidently reduced at high relative SWH values.
Since the bias coefficient is estimated from the slope of profiles such as Figure 2a in least squares determination of the coefficient. Figure 3 shows estimates of a for the northern and southern bands as a function of the range of relative SW!! values used to compute the coefficient. Each estimate of the bias coefficient was calculated from weighted least squares fits of (1) to the averaged profiles in Figure 2a . The weighting for each relative SW!! bin in Figure 2a was proportional to the inverse of the relative height standard deviation in that bin and only bins containing observations from more than eight Geosat cycles were included. This weighting procedure yields a simple estimate of the uncertainty of the bias coefficient [see Draper and Smith, 1981] . The error bars shown in Figure 3 correspond to the one standard deviation uncertainty in estimates of a.
As shown in Figure 3a , the magnitude of the bias coefficient decreases as the span width increases, particularly in the southern band. The flattening of the profiles in Figure  2a at large values of relative SWTH reduces the slope of a least squares fit straight line through wide spans of relative SWH. For the northern band, the negative slope decreases from -0.036 for a 1 m span to -0.032 for 5 m span-For the southern band, the slope decreases from -0.031 to -0.022 for tiLe same span widths.
A physical interpretation of the flattening is difficult when the data are presented in terms of relative SW!! as To investigate this possibility, altimeter SWH observations were grouped into true SWH bins of width 0.5 m and an estimate of the bias coefficient was computed for each bin. Observations from the two latitude bands were combined to increase the number of data points in each bin, thus decreasing uncertainty in estimates of a. The resulting estimates of the bias coefficient and their uncertainties are shown in Figure 5a . For reference, the distribution of SW!! observations is shown in Figure 56 Figures 4 and 5a suggest that the flattening in the averaged profiles of Figure 2a is due to a "saturation effect" in the sea-state bias associated with large SWH. As a simple test of this hypothesis, SWH values larger than 4 m were eliminated and the averaged profiles were recalculated for both latitude bands. This range of SWH values comprises 96% of all observations from the northern band and 74% of all observations from the southern band. The flattening at high relative SWH is negligible in the resulting profiles (see Figure 2b ) and the profiles for the northern and southern bands are nearly identical-In addition, estimates of the bias coefficient obtained based on these profiLes no longer depend strongly on the span width used to compute the coefficient (see Figure Sb) ; for spans larger than 1 m, Q only varies from -0.037±0.003 to -0.035±0.002 in the northern band and from -0.034±0.003 to -0.082±0.002 in the southern band.
Since Figure 3b . With the exception of Nerem et aJ. [1990] (for which the uncertainty of the estimated bias coefficient is very large), this value is larger in magnitude than those obtained by all previous studies using Geosat altimeter data (see Table 1 ). It is apparent from Figure 3 that these differences can largely be accounted for by the fact that previous estimates have been based on wide ranges of relative SWH. As shown above, the bias coefficient appropriate for the range over which the sea-state bias and SWH are linearly related is underestimated if Geosat observations with high SWH values axe included in the data set. The risk of purely empirical modeLs such as that developed here is that the apparent SWU dependence in the sea-state bias found in section 3 may be unrelated to SW!!. Without a sound physical model, the saturation effect could equally well be due to any other phenomenon that is correlated with SWH. We have therefore considered several alternative explanations for this behavior, including 'S possible effects of wind speed and wave type and effects of other geographically dependent errors in the altimeter range measurements. The possibility of a wind speed dependence has previously been suggested from empirical analyses of tower-based radar measurements [Melville et al., 1991], aircraft radar measurements (E.J. Walsh, personal communication, 1989) and Geosat altimeter data [Ray and Kobhnskij, 1991] . Because these studies have consistently found an increase in the magnitude of the sea-state bias coefficient with increasing wind speed, the original intent of this study was to verify this relationship at high southern latitudes where wind speeds are the largest in the world. As can be seen from Figure 6 , large SWH is generally associated with high wind speed. The correlations between wind speed (computed using the algorithm described by Witter and Chelton [this issue] ) and SWH are 0.49 and 0.58 for the northern and southern latitude bands, respectively. Based on these high positive correlations and the suggested relationship between wind speed and the bias coefficient from previous studies, the magnitude of the bias coefficient is expected to increase with increasing SWII. This is the opposite of the result obtained in section 3. Indeed, binning the sea-state bias coefficient a in (1) as a function of wind speed shows the magnitude of the bias coefficient to be approximately constant for wind speeds up to about it) rn/s and to decrease approximately linearly for higher wind speeds (Figure 7) . Previously argued wind speed effects evidently cannot account for the saturation effect found here. We note, however, that all of the studies of wind speed effects to date have emphasized SWH values less than 4 m. It is not clear that these results can be extrapolated to the higher wave heights found at high southern latitudes. A second possible explanation for the apparent SWH dependence of the bias coefficient is that large waves at high southern latitudes may have different physical characteristics than waves elsewhere in the world ocean. Such a difference might not be surprising since oceanographic and meteorological conditions are so unique in the Southern Ocean. However the possibility of a "wave type" dependence in the sea-state bias can be addressed to only a limited degree from Ceosat data alone since the only sea surface characteristics that can be inferred from altimeter data are SWH and wind speed (inferred from the normalized radar cross section).
A physically based model for the sea-state bias which attempts to account for the effects of wave type has recently been developed [see Fh and Glazinan, 19911 . In this model, the sea-state bias is expressed as a multiplicative function of SWH and pseudo wave age, where pseudo wave age (a proxy for the degree of wave development) is estimated directly from altimeter SWH and wind speed observations [see Glazman and Pi!orz, 1990] . The physical basis for the wave age model is essentially that young waves are more skewed than old waves and consequently result in a greater overall sea-state bias due to an increase in the skewness bias contribution. The magnitude of the sea-state bias coefficient is therefore expected to increase with decreasing wave age. Using the fonnulation for wave age cited by and Glazinan [1991] , we computed a correlation of 0.68 between wave age and wind speed in both latitude bands. The wave age model therefore predicts an increase in the magnitude of the bias coefficient with increasing wind speed and thus offers a physical explanation for the wind speed dependence suggested from the tower, aircraft and Geosat data as discussed above. Unfortunately, the wave age model fails to explain the saturation effect found here for the same reason that the wind speed model was unsuccessful We note, however, that the coefficients for the wave age model were derived empirically from a somewhat restricted Geosat data base which emphasized wave heights smaller than 4 m and Gtazman, 1991!. As with the wind speed effects discussed above, extrapolating the wave age model to wave heights larger than 4 m may not be justified.
A third possible explanation for the apparent SWH dependence of the sea-state bias found in section 3 is a geographical dependence. Although there is ito reason to expect a true geographical effect on the sea-state bias, Geosat data at high southern latitudes are known to be contaminated by antenna pointing errors which must be corrected to obtain accurate range estimates [see MacArthur ci at, 1987; Chelton ci at, 1990) These pointing errors, which are unique to the Geosat passive gravity gradient stabilization system, are believed to be the result of a torque applied to the satellite by solar radiation pressure as Geosat emerged from the Earth's shadow during erich orbit. Such pointing errors are not expected to occur on satellites with active attitude control systems such as Seasat, ERS-1 and TOPEX/Poseidon.
The effects of antenna mispointing on Geosat altimeter range estimates has been documented by Hayne and Hancock [1990] . Errors in the altimeter range measurement arise due to the combined effects of attitude and sea-state on the on-board tracking algorithm which identifies the point on the radar return (the so-called wavefonn) corresponding to mean sea level (see Chelton et al. [1989) Geosat height data can thus be expected to be particularly large at high soutbern latitudes where both attitude angle and SWH are large. As in all previous studies of sea-state bias from Geosat data, the Geosat data analyzed here were not corrected for the attitude and sea-state tracking errors described by Hayne and Hancock [1990] . The apparent SWH dependence in the sea-state bias found in section 3 may therefore reflect a geographical dependence due to sea level tracking errors at high southern latitudes. Such an explanation is attractive from the point of view that it would explain why the saturation effect found here has not been found in previous studies, none of which have emphasized the Southern Ocean as does this study. As noted in section 2, Geosat observations with attitude angles exceeding 1° have been excluded from the analyses presented here. Inspection of Figure 46 in Hayie and Hancock [1990) reveals that antenna mispointing and SWH result in range errors that are indeed consistent with the saturation effect found in section 3. The positive values of the correction imply that the tracking errors are negative (i.e., the same sign as the EM and skewness biases). For attitude angles less than 10, the tracking error has a maxirmim at SWH values of around 5 m; for larger SWH, the tracking error decreases with increasing SWH, similar to that found in section 3.
Although tracking errors can at least qualitatively explain the saturation effect found in this study, it does not seem to us that it would be fruitful to attempt a quantitative explanation based on the parameterizations of the tracking error presented by Hayne and Hancock [1990] .
Their estimates of the biquadratic fit of tracking error to attitude and SWH are based on a rather limited sampling of all possible attitude angle and SWB combinations (see their Figure 2 ). To determine whether extrapolation of the coefficients derived thus far is valid for the combinations of attitude and SWH values found at high southern latitudes, the computationally intensive waveform retracking procedures used to estimate these tracking errors should be applied to a much broader range of attitude and SWH values.
Coricuusioris
FYom the natysis presented in section 3, it is apparent that a systematic sea-state bias in altimeter range measurements is easily isolated from other sources of measurement errors and oceanographic variability by appropriate binning of the data. Such a procedure shows the Geosat sea-state bias to be approximately a constant -3.5% of SWH for SWH as large as about 4 m. For larger SWH, however, the magnitude of the empirical bias coefficient decreases. Because of this saturation effect, the magnitude of other estimates of the Ceosat sea-state bias coefficient, which have been based on least squares analysis of the full range of wave heights, are too small.
The apparent wave height dependence in the Geosat sea-state bias found in section 3 is rather surprising. Other recent empirical analyses of Geosat data have focused on an apparent wind speed dependence in the bias, but have found no indication of a wave height dependence. This is probably because these previous studies have been based primarily on observations with wave heights smaller than 4 m. For this range of SWH, the present investigation found no wave height dependence in the bias coefficient. If indeed any wind speed dependence in the sea-state bias exists, it is evidently overwhelmed in this analysis of southern hemisphere data by the apparent SWE dependence found in section 3.
The most likely explanation for the apparent SWH dependence in the sea-state bias found here is errors due to effects of attitude angle and sea-state in the on-board sea level tracking algorithm. Present paraineterizations of these tracking errors have not been verified for the combinations of attitude and SWH values characteristic 0f high southern latitudes. A significant waveform retracking effort such as described by Rodriguez and Chapman [1989] or Hayne and Hancock [1990] is therefore necessary in order to eliminate tracking errors from the Ceosat range measurements. An effort of this magnitude is beyond the scope of the present study. The important conclusion to be drawn from this investigation is that any higher order study of the EM and skewness biases in Geosat range measurements (e.g., searches for wind speed or wave height dependences) cannot be undertaken until attitude and sea-state tracking errors are more thoroughly investigated and removed from the data.
